ABSTRACT We have studied the effects of batrachotoxin (BTX) on sodium channels in hybrid mouse neuroblastoma cells NG108-15 by using the suction pipet voltage clamp method. BTXmodified sodium channels activate with first-order kdnetics and, over most ofthe potential range, activate more slowly than normal sodium channels. The peak conductance-voltage curve and the time constant ofactivation-versus-voltage curve for BTX-modified sodium channels are shifted about 50 mV in the hyperpolarizing direction compared to the corresponding curves for normal sodium channels. There is no change in the slope of the conductance-voltage curve. These results suggest that BTX slows down one of the steps leading to channel opening, which consequently becomes rate-limiting. In addition, BTX eliminates both fast and slow inactivation.-Neurotoxins have played an important role in understanding the molecular properties of Na channels in excitable membranes. They have been used to identify the various conductances (1, 2) as well as to purify the molecular components of Na channels (3, 4). Among various toxins studied, batrachotoxin (BTX) is one of the most potent and specific activators of Na channels (5). BTX modifies the activation and inactivation of Na channels, causing them to remain open at the resting membrane potential (6-9). This specific property of BTX is the basis for the isotope flux method used in measuring the permeability change caused by activation of Na channels. Isotope flux experiments and radioligand binding assays carried out.in cultured neuroblastoma cells indicate that BTX binds to the same receptor site as several other alkaloid neurotoxins-veratridine, aconitine, and grayanotoxin (10)-but the BTX receptor site is distinct from the receptor site for tetrodotoxin (11). Although these biochemical methods for studying Na channels have yielded much interesting information, they have poor time resolution and limited voltage control. It therefore is particularly important to have a detailed voltage clamp analysis of neurotoxin action in these cultured cells in order to provide direct correlation between the voltage-dependent aspects of Na channel function and biochemical information on the channel structure.
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Khodorov (9) has reported the effect of BTX on the Na channels offrog node under voltage clamp. In this paper, we report the voltage-dependent action of BTX on Na channels of internally perfused neuroblastoma cells. We also extend previous work by determining the properties of BTX-modified channels for saturating concentrations of BTX. This avoids ambiguities and inaccuracies that might arise in resolving voltage-clamp records ofmixtures ofnormal and BTX-modified channels into two components. Additionally, we extend previous work by explicitly determining the effect of BTX on slow sodium inactivation.
Preliminary results of these studies have appeared in an abstract (12 Selection of the Cell Line. The cell line we used in this work is NG108-15 hybrid neuroblastoma. In the past, neuroblastoma N18 cells have been used extensively to study membrane excitability. Although biochemical and pharmacological information on neurotoxin action on Na channels is available for this cell line, the cells are quite fragile and smaller (15-20 pm.in diameter) than NG108-15. Furthermore, the Na' current of N18 is usually small (<5 nA) and the cells seldom last more than 30 min under voltage-clamp conditions. NG108-15 cells are larger and have a large stable Na' current (>10 nA). The Na channel kinetics of NG108-15 cells are similar to those of N18 cells (unpublished data).
Cell Culture. NG108-15 is a neuroblastoma-glioma hybrid line derived by fusion of mouse neuroblastoma clone N18TG2 (13) with rat glioma clone C6BU-1 (14) . Stock cultures of NG108-15 are grown in Dulbecco's modified Eagle's medium containing 5% newborn calf serum, 100 AM hypoxanthine, 1 ,uM aminopterin, and 16 ,uM thymidine at 36°C in a humidified atmosphere of 10% C02/90% air. To induce neuronal differentiation, cells used for experiments were cultured in this medium, to which 1 ,uM prostaglandin E1 and 1 mM theophylline were added for 7-10 days before.use. Cells treated in this way are larger in size (30-50 pum in diameter) and more electrically excitable than are the undifferentiated cells.
Electrophysiology. The culture dish was mounted on the stage ofa phase-contrast microscope. Unless noted specifically, experiments were performed at room temperature (20-23°C The voltage-clamp circuit was similar to circuits used for experiments on isolated helix neurons (15) . The patch electrode was fabricated according to the method of Lee et at (15, 16) . Its tip diameter was [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ,um, and its resistance was 0.5-0.8 MQ. The procedure for recording the electrical activity was similar to that described by Lee et aL (16 The rate of Na activation is considerably slower in BTXtreated cells (Fig. 1) . Also course of the normal Na' current, the BTX-activated Na' current follows first-order kinetics (as can be seen at the faster time scale in Fig. 1c ). Activation time constants are plotted as a function of membrane potential for both types of channels in Fig.  3b . For normal channels, the time constants are based on Hodgkin-Huxley formulation (17, 18) ; for BTX-modified channels, the time constants are based on first-order kinetics. Fig. 3b indicates that BTX shifts the activation time constant about 50 mV in the hyperpolarizing direction and also increases the magnitude of the maximal time constant about 6-fold. Na Fast and Slow Inactivation. In control neuroblastoma cells, the Na+ current inactivates when the membrane potential is depolarized. We determined the value of the steady-state inactivation parameter h,. by measuring the relative peak Na+ current during -20-mV test pulses after 100-ms prepulses of various amplitudes (Fig. 4 Left) . The potential where h. = 0.5 was about -70 mV. The time constant of inactivation Th (not shown) ranged from 6 to 27 ms between potentials of -110 mV and -40 mV, and its peak occurred at -70 mV. BTX completely abolished this fast inactivation of Na+ current at all potentials.
The normal Na' current in NG108-15 also exhibited inactivation in the range of seconds. This slow inactivation (S)0. was measured by holding the membrane potential at various depolarizations for 40-50 sec. The peak Na' current was then measured during -20-mV test pulses. Before each test pulse, the membrane potential was returned to the holding value for an interval that was long compared to fast inactivation but short compared to slow inactivation, in order to eliminate fast inactivation. (For details ofthis measurement, see Inset and legend of Fig. 4 .) The relative peak Na+ current showed a sigmoidal decrease as the membrane became more depolarized (Fig. 4 Right). The S,. -V curve has a midpoint (where S0. = 0.5) at -43 mV. BTX completely abolished this slow inactivation of Na' current at all potentials. Thus, BTX completely abolishes both fast and slow inactivation of Na+ current.
Reversibility of BTX Action. The effect of5 uM BTX on the Na' current in NG108-15 neuroblastoma cells is not readily reversible. When the BTX-treated cells were washed constantly both externally and internally for up to 1 hr, the steady-state Na' current did not decrease substantially. The normal Na' Fast inactivation (h.) before (e) and after (0) BTX (5 PiM) treatment.
The data points are the peak Na' currents obtained with the pulse sequence shown in the Inset. The holding potential was -100 mV for normal Na' current and -110 mV for BTX-modified Na' current. The duration of P1 was 100 ms. The potential was subsequently returned tothe holdingpotential for 1 msandthen was steppedto a test potential of -20 mV for normal Na' current or of -60 mV for BTX-modified Na' current. The current was normalized to the peak Na' current current did not reappear. We do not know at present whether the effect ofBTX can be reversed with longer washing time. By comparison, the action of BTX is reversible with about 90 min ofwashing in electric eel (19) and with about 60 min ofwashing in N18 neuroblastoma cells (20) . BTX effects are not reversible in frog node (9, 21) or in squid (7) . DISCUSSION Na channels in hybrid NG108-15 neuroblastoma cells are similar in gating properties to those found in squid axon (17, 18, 22, 23) , frog node (24, 25) , frog muscle (26) , Myxicola (27, 28) , neuroblastoma NIE115 (29, 30) , and N18 (unpublished data). Electrophysiological studies ofthe action ofBTX on Na channels have been performed in squid (6, 7) , frog (9, 21) , and electric eel (19) . BTX depolarizes the membrane potential in NG108-15 as well as in all the above, although for electric eel this occurs only after the repetitive application of depolarizing pulses.
After addition of BTX to neuroblastoma NG108-15 cells, a new component of Na' current with different kinetics and different voltage dependence gradually developed. This BTXmodified Na' current developed concurrently with the disappearance of normal Na' current. Both components were completely blocked by tetrodotoxin. These observations strongly support the view (9) that BTX does not create new channels but modifies the existing Na channels. Because of the complexity of analyzing the Na' current when two types of channels (normal and BTX-modified channels) exist simultaneously, we have focused our analysis on the case in which all the channels are modified by BTX.
The reversal potential ofnormal Na channels in cells perfused with CsF is 70-80 mV. This is consistent with a permeability ratio Cs+/K+/Na' of 0.01:0.1:1.0. In 5 juM BTX, reversal potential of the Na' current shifted 30-40 mV in the hyperpolarized direction. This is consistent with a permeability ratio of Cs+/K+/Na' of0.14:0.38:1.0, which is the ratio that was found for BTX-modified channels in frog node (21) . It is also consistent with flux measurements of ions and organic compounds in neuProc. Nad Acad. Sci. USA 79 (1982) roblastoma N18 cells, which show that BTX-modified Na channels are less selective than normal Na channels (31) .
Our results on the effects of BTX on Na channels in NG108-15 neuroblastoma cells under voltage clamp can be summarized as follows: (i) The conductance-voltage curve is shifted about 50 mV in the hyperpolarizing direction with no change in shape.
(ii) The Tr-voltage curve is shifted about 50 mV in the hyperpolarizing direction with a 6-fold increase in the maximum value of Tm. (iii) Activation kinetics are changed to first order. (iv) Fast inactivation is eliminated. (v) Slow inactivation is eliminated.
The first four of these effects are qualitatively similar to effects of BTX on frog node (9, 21) . It is also possible to make a limited comparison of our conductance-voltage curve (Fig. 3a) with results offlux measurements. Catterall (10) performed flux experiments with BTX on N18 cells for membrane potentials between -40 mV and 0 mV. Over this range of potentials, he found that Na conductance is constant, in agreement with Fig.   3a .
In order to compare the Na conductances for BTX-modified channels (which do not inactivate) and for normal channels, it is necessary to correct the normal channels for inactivation. With this correction, in almost all the cells tested, the maximal Na conductance (WNa) of BTX-treated cells was slightly more than half that of control cells. We cannot determine how much of this difference is related to a loss of channels caused by the addition of BTX and how much is related to a difference in the single-channel conductances of the two types ofchannels. However, we can place a limit on the ratio of the single-channel conductances. If no channels were lost, the single-channel conductance for BTX-modified channels would be at least one-half that ofnormal channels. Ifthere were channel loss, the modified channel conductance would be higher. From the single-channel conductance obtained directly on normal neuroblastoma cells, 9 pS (D. Corey and C. F. Stevens, personal communication), the BTX-modified channel conductance is not less than 4.5 pS. This is about 50% higher than the single-channel conductance, 3 pS, estimated from binding studies of [H3]BTX and scorpion toxin (10, 32) . This difference may arise from the binding of labeled toxin to nonfunctional Na channels.
The shifts ofthe conductance-voltage curve and the rz-voltage curve are consistent with a model in which the charges of BTX molecules change the local field "seen" by the channel gate. Because the BTX molecules are positively charged at physiological pH (8) , the direction of the shifts is consistent with their binding to the inner surface of the membrane. Alternatively, BTX may modify the conformation of the gating molecules in such a way that the charge distribution on the molecules is altered. Similar explanations for the voltage shift have been given by Khodorov (21) .
If we assume that the voltage dependence of conductance arises from transitions between closed and open states of the channel involving the motions of charged groups or dipoles across the membrane, the slope of the conductance-voltage curve gives the number of electronic charges that move across the membrane potential drop to open one channel. In our case, the slopes correspond to approximately five electronic charges for both normal and BTX-modified channels. Thus, the modification of Na channels by BTX does not involve a change in the net charge movement.
Armstrong and Bezanilla (33) have proposed that, upon depolarization, resting Na channels must pass through several closed states in order to reach the open state. According to this model, the higher-order activation kinetics for normal channels implies that several of the transitions have comparable rates. The lack of change in net charge movement along with the change to first-order kinetics and slower activation suggests that BTX does not change the states themselves but rather slows down one of the transitions, causing it to become rate-limiting.
